Bacteriophage PR4 contains lipid and can reproduce in strains of Escherichia coli that carry an appropriate drug-resistance plasmid. Cultivated in either of two E. coli strains, PR4 acquires a lipid region that contains a relatively high level of phosphatidylglycerol and significant amounts of three phospholipids, including phosphatidylserine, which are present in only very low levels in the host cell membranes. To do this, however, PR4 does not significantly alter the relative levels of synthesis of the various E. coli phospholipids after infection. Production of PR4 virions from E. coli cultures labeled with 32PO4 either before or after infection showed that about two-thirds of the viral phospholipid is synthesized after infection. The use of E. coli as the host organism for PR4 should allow a detailed understanding of the assembly process of this lipidcontaining virus due to the wealth of biochemical and genetic techniques available.
Bacteriophage PR4 contains lipid and can reproduce in strains of Escherichia coli that carry an appropriate drug-resistance plasmid. Cultivated in either of two E. coli strains, PR4 acquires a lipid region that contains a relatively high level of phosphatidylglycerol and significant amounts of three phospholipids, including phosphatidylserine, which are present in only very low levels in the host cell membranes. To do this, however, PR4 does not significantly alter the relative levels of synthesis of the various E. coli phospholipids after infection. Production of PR4 virions from E. coli cultures labeled with 32PO4 either before or after infection showed that about two-thirds of the viral phospholipid is synthesized after infection. The use of E. coli as the host organism for PR4 should allow a detailed understanding of the assembly process of this lipidcontaining virus due to the wealth of biochemical and genetic techniques available.
Lipid-containing bacterial viruses have been studied in recent years as model systems for investigating the assembly and structure ofbiological membranes and lipid-containing mammalian viruses. The structure and assembly of bacteriophage PM2 have been studied in some detail (2, 3, 11, 12) , and some recent work has been conducted on bacteriophage ep6 (7, 9, 10, 13) . Both of these phages infect only Pseudomonas species: marine pseudomonad BAL-31 for PM2 and P. phaseolicola for sp6. Neither of these host cells is amenable to the molecular genetic approach. Recently, a bacteriophage (PR3-PR4) that can infect gram-negative bacteria, including Escherichia coli, that carry an appropriate drug resistance plasmid has been isolated (1). This bacteriophage was presumed to contain lipid based on its buoyant density, its sensitivity to organic solvents, and its morphology as observed by electron microscopy. PR4 produces clear plaques on E. coli K-12 (RP1 plasmid) lawns at 37 C. We have recently shown directly that PR4 virions produced in E. coli do contain phospholipid (8) . We now report the results of an investigation into the origin of the lipids of bacteriophage PR4 grown in E. coli. Stocks of phage PR4 were grown in TGN+ in E. coli CR34 or PS2R. Lysates were produced by infecting cell cultures of 108 cells/ml with virus at multiplicities of infection (MOI) ranging from 0.05 to 5. After lysis, cellular debris was removed by lowspeed centrifugation, and the resulting supernatant was stored at 4 C. Assays for PFU were performed by the agar overlay method using NBY bottom agar and top agar (9) .
Production and purification of labeled virus. 32p_ labeled PR4 virions were produced and purified as previously described (8) .
Lipid analyses. Methods of extraction and thinlayer chromatographic (TLC) analysis of 32P-labeled lipids from bacteria and phage and 3H-22P doublelabeled lipids from bacteria have been described (8, 12 Phospholipids in PR4. Cultures of E. coli CR34 and PS2R were grown in high levels of 32 P04 (7 ,uCi/ml) for five generations and then infected with PR4 at an MOI of 10 in the contin- VOL. 19, 1976 on October 11, 2017 by guest http://jvi.asm.org/ Downloaded from SANDS ued presence of 32p. After lysis, the 32P-labeled virions were purified and then analyzed for 32p_ phospholipid content by TLC, as previously described (8) . Under these labeling conditions, less than 30% of the 32P added to cultures was incorporated prior to lysis, indicating that the [32P]phospholipid distribution in the virions is a fairly accurate assessment of the overall viral phospholipid composition. A summary of the results of several experiments for each host cell is given in Table 1 . E. coli CR34 and PS2R have similar phospholipid compositions. PR4 virions produced in these two strains have the same classes of phospholipid, but in somewhat different amounts. Phosphatidylglycerol (PG) is the most prevalent phospholipid in PR4 virions produced in either strain, but virus produced from strain CR34 have more of the unknown (see below) phospholipid PX than do virions produced in strain PS2R. For both host cell strains, the virus has higher levels of three phospholipids, phosphatidylserine (PS) and two unknown phospholipids (PY and PX), than is found in E. coli. The relatively high levels of these lipids found in PR4 raises many questions about the mechanism of assembly of the lipid region of the PR4 virions.
Phospholipid synthesis in PR4-infected E. coli. The observation that PR4 has a quantitatively different phospholipid composition than its host cells suggested to us that phospholipid synthesis might be altered in PR4-infected cells, as is the case for bacteria infected with the lipid-containing bacteriophages PM2 (12) or <p6 (10). We investigated this by a procedure similar to that previously used for these other phages. Portions of infected cultures were pulse-labeled with 32PO4; the cells were then centrifuged and suspended in chloroform-methanol (2:1) to terminate lipid synthesis and to extract the lipids from the infected cells. Subsequent TLC analysis (as above) allowed quantitation of the relative levels of synthesis of each class of phospholipid and the overall level of lipid synthesis in the infected culture. The overall level of lipid synthesis in PR4-infected E. coli CR34 was somewhat less than in uninfected control cells (Fig. 3a) . However, there was little if any change in the relative levels of cellslml in TGN+ medium. The culture was then split, and one half was infected with PR4 (in TGN+ medium) at a MOI of 10. The other half was mock infected with an equal volume of TGN+. At various times, samples were removed and centrifuged to pellet the cells. Lipids were extracted and quantitated as previously described (10, 12) . (B) Relative levels of synthesis of each of the phospholipid classes in infected cells. Cultures of CR34 at 5 x 107 cellslml grown in TGN+ medium were infected with PR4 at a MOI of 10 . At various times before or after infection, synthesis of the various phospholipid classes after infection (Fig. 3b) . Even though phospholipid PX accounts for about one-fourth of the total phospholipid in phage PR4 (from CR34), the level of synthesis of this minor cellular lipid (<3% of cellular phospholipid) was not increased in infected cells. Results similar to those of Fig. 3 were also obtained using E. coli PS2R as the host cell, i.e., no alteration in the relative levels of synthesis of the various phospholipids was detected. It should be emphasized that the number of uninfected cells present in these cultures is very small (<5%, as measured by cell survival).
Synthesis of PR4 phospholipids before and after infection. We investigated the extent to which the various phosholipids that become a part of the PR4 particle are synthesized in the host cell (i) prior to or (ii) after infection with PR4. Specifically, 32P-labeled PR4 stocks were prepared according to the following labeling protocols: (i) 7 ,uCi of 32PO4/ml present from five generations prior to infection until lysis of the infected culture, (ii) 7 ,uCi of 32PO4/ml present from five generations prior to infection until 10 min prior to infection, and (iii) 7 ,uCi Of 32pO4/ ml present from 5 min after infection until lysis of the infected culture. Several control measurements had to be made before the above experiments could be performed and interpreted. First, as earlier, we showed that for all these cases less than 30% of the 32pO4 iS incorporated by the end of the labeling period, indicating that the labeling efficiency is fairly uniforn in time. Second, we showed that for the condition of termination of labeling just before infection (via centrifugation and resuspension in 32P-free medium), there is no detectable incorporation of 32p into phospholipid after infection and the burst time and size is similar to that obtained for other labeling procedures.
PR4 virions produced by the labeling protocols listed above were purified and then analyzed for distribution of 32p in the viral phospholipids. The results of these experiments are listed in Table 2 . For both CR34 and PS2R as host cells, about two-thirds of the viral phospholipid is synthesized after infection, whereas the remainder is phospholipid which was synthesized by the cell prior to infection.
For viral phospholipid synthesized before or after infection, we determined the percentage of the total viral phospholipid synthesized during these intervals accounted for by each of the major viral phospholipid species. These data are also shown in Table 2 .
For E. coli CR34 as the host cell, significant amounts of each of the viral phospholipids are synthesized in each interval. About half of the viral PE is synthesized before infection, whereas most of the viral PG + DPG and PX are synthesized after infection.
When E. coli PS2R serves as the host cell, this specific situation no longer obtains. As shown in Table 1 , PR4 virions produced in PS2R contain lower levels of PX then do virions produced in strain CR34. PR4 from PS2R contains mainly PG and diphosphatidylglycerol (DPG) (cardiolipin). In this case, about 30% of the total viral phospholipid is PG and DPG that were synthesized after infection. For both host cells, about 7 to 9% of the total viral phospholipid is PS that was synthesized before infection.
Labeling ratios of E. coli phospholipids found in phage PR4. The identities of phospholipid spots on TLC plates corresponding to phosphatidylethanolamine (PE), PG + DPG, and PS were determined by co-chromatography of commercial standards. To further verify these identities and to attempt to determine the identities of the unknown phospholipids PX and PY, we performed several experiments using 3H-32P double-labeling techniques. Cultures of E. coli PS2R were grown for three generations in log phase in the presence of (i) [3Hlglycerol and 32pP4 or (ii) [3H]serine and 32P04. Phospholipids were extracted from these cultures, separated by TLC, and detected by autoradiography or exposure to iodine vapors. Regions of the plate corresponding to the phospholipids in question were scraped and assayed for 3H and 32p radioactivity. The results of these experiments are shown in Table 3 . For each phospholipid, the normalized (to PE) ratios of 3H/32P radioactivity were determined. For the We have also shown that the relative levels of synthesis of the various phospholipids in the host cell is not significantly changed by infection, even though more than half of the viral lipid is synthesized in the host cell after infection. In this regard PR4 is very much unlike the lipid-containing bacteriophages PM2 and <p6, which cause an alteration in the relative levels of synthesis of phospholipids in infected cells (10, 12) .
PR4, in being able to infect E. coli, provides a new dimension to the study of lipid-containing viruses. Much is known about lipid metabolism in E. coli, and various mutants involved with the final steps of lipid synthesis have been recently isolated (see, for example, references 4 and 6). These, along with other mutants, should serve as valuable host strains for the study of PR4. In addition, it will be possible to isolate nonsense mutants of bacteriophage PR4 and approach a study of the assembly process of a lipid-containing virus in a similar manner to that done for bacteriophage T4 (14).
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